Parkinson disease (PD) is the second most common neurologic disorder, characterized by degeneration of midbrain dopaminergic neurons and a high prevalence of dementia. Neuroinflammation, oxidative stress, mitochondrial dysfunction, protein processing, and aberrant alternative splicing are among the commonly considered pathways of dysfunction in PD.^[@R1]^

Gene expression studies of PD and other neurologic disorders, via microarray and next-generation, high-throughput RNA sequencing (RNA-seq), have facilitated the expansion of gene expression knowledge. We previously found that axonal transport, cell adhesion, and mRNA splicing are the most prevalent dysregulated processes in PD cortical neurons, all occurring before the onset of dementia.^[@R2]^ Because previous expression profiling provided evidence of significant spliceosome alterations, in the present study, we leveraged mRNA-seq to incorporate splice variant analysis.

We report here that differential alternative splicing in the cortex is associated with PD and Parkinson disease with dementia (PD-D), possibly contributing to the etiology of these diseases. We profiled posterior cingulate cortex, because the spread of α-synuclein pathology to this cortical region is associated with dementia in PD.^[@R3]^ We found that genes displaying the highest degree of alternative splicing are somewhat disconnected from the greatest expression changes, although overlapping cellular processes are evident. Compared with gene expression profiling alone, alternative splice analysis of mRNA-seq data affords precision profiling in addition to an overview of global expression changes.

METHODS {#s1}
=======

Tissue collection. {#s1-1}
------------------

Posterior cingulate cortex (Brodmann Area 23) samples were obtained from the Banner Sun Health Research Institute Brain Bank. All patients signed informed consent and were prospectively followed until death and autopsied according to previously published protocols.^[@R4]^ PD clinical diagnoses were made using UK Brain Bank criteria and DSM-IV criteria for cognitive diagnoses. Neuropathologic diagnoses were made using the Unified Staging System for Lewy body disorders.^[@R5]^ Cohorts studied were PD (N = 13; mean age 79.3 years ± 6.8, 23% female), PD-D (N = 10; mean age 75.5 years ± 7.0, 30% female), or healthy controls (N = 11; mean age 77.9 years ± 7.9, 9% female). Samples were selected with a postmortem interval less than 3 hours. Posterior cingulate cortex was sectioned at 8-µm thickness and placed into standard 1.5-mL microcentrifuge tubes and stored at −80°C until RNA extraction.

RNA extraction. {#s1-2}
---------------

TRIzol reagent was used for initial RNA isolation per the manufacturer\'s protocol. The RNA solution was then processed through the Qiagen RNeasy Mini kit, with DNase treatment, using the manufacturer\'s protocol.

mRNA-seq library preparation. {#s1-3}
-----------------------------

One microgram of total RNA was used to generate mRNA-seq libraries for sequencing using Illumina\'s RNA Sample Prep Kit (catalog \#FC-122-1001) using the manufacturer\'s protocol. Poly-A selection was performed using oligo(dT) magnetic beads, and double-stranded cDNA was generated and fragmented to a target size of 400 bp using sonication on the Covaris. Fragmented samples were end repaired and adenylated at the 3′ end, and TruSeq Indexed adapters were ligated on. Libraries were enriched using the TruSeq PCR Master Mix and primer cocktail. Final libraries were cleaned and quantified using the Agilent Bioanalyzer and Invitrogen Qubit. Libraries were equimolarly pooled for sequencing.

Paired-end sequencing. {#s1-4}
----------------------

Denatured and diluted libraries with a 1% phiX spike-in were used to generate clusters on Illumina\'s HiSeq Paired End v3 flowcell on the Illumina cBot using Illumina\'s TruSeq PE Cluster Kit v3 (catalog \#PE-401-3001). The clustered flowcell was sequenced by synthesis on the Illumina HiSeq 2000 for paired 100-bp reads using Illumina\'s TruSeq SBS Kit V3 (catalog \#FC-401-3001).

Sequencing and differential expression analysis. {#s1-5}
------------------------------------------------

An average of 109 million paired-end, passing-filter reads (90 mers) were generated for each sample. Reads were trimmed of adapter sequences and aligned to *Homo sapiens* GRCh37.62 with *TopHat* (version 2.0.8, bowtie version 0.12.7) using default parameters. A table of read counts was assembled in R with the *easyRNASeq* package. Pairwise differential expression analyses between the groups was conducted with the *DESeq*^[@R6]^ package.

Gene ontology. {#s1-6}
--------------

GeneMANIA^[@R7]^ is a functional association tool used for data visualization and statistical analysis. It builds gene ontologies (GO)^[@R8]^ from gene input lists and is freely available as a web application.

Alternative splicing analysis. {#s1-7}
------------------------------

We used SpliceSeq^[@R9]^ (version 2.1), developed for alternative splicing detection in RNA-seq data, to investigate significant differential splicing events in disease groups (PD or PD-D) relative to controls (CON). SpliceSeq returns gene RPKM and exon OPKM (observations per kilobase of exon/splice per million aligned reads) normalized read values, defined, respectively, as "reads" and "observations" per kilobase of transcript length per million aligned reads. OPKM provides a measure of exon expression; a read that contains at least 4 bases of an exon is "observed."

Reads "spliced in," i.e., reads that map to an exon, are calculated against the total number of reads that span the flanking exons, but skip it, plus the spliced in reads. This is the "percent spliced in" (PSI) value assigned to each exon. The difference between the average exon PSI of "group 2" and "group 1" (e.g., PD minus CON) is termed delta PSI (dPSI). dPSI sample calculation:
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Quantitative real-time PCR validation. {#s1-8}
--------------------------------------

RNA extracted (described above) from PD, PD-D, and control tissues was processed with the SuperScript III First-Strand Synthesis kit (Life Technologies, Carlsbad, CA) for cDNA synthesis, per the manufacturer\'s protocol. Quantitative real-time (qRT) PCR was completed using the Roche LightCycler 480 with SYBR Green detection.

RESULTS {#s2}
=======

We performed mRNA-seq on RNA samples isolated from the posterior cingulate cortex of individuals with either PD or PD-D or from healthy controls. Data analysis for this study focused on differential gene expression (DE) using DESeq, and alternative splicing (AS) events using SpliceSeq. DE and AS changes in PD and PD-D were quantified relative to CON. Genes from DE and AS analyses were compared for overlapping results, the DE data were run through GeneMANIA, and certain AS genes were validated by qRT-PCR.

Gene ontology and differential expression. {#s2-1}
------------------------------------------

We first compared gene-level expression profiles across disease groups. DE lists were restricted to the top 20 genes differentially expressed by fold change (fc) ≥ \|0.2\| and *p* ≤ 0.001 (multiple test-corrected with the Benjamini-Hochberg procedure), as determined by DESeq analysis ([table 1](#T1){ref-type="table"} and table e-1 at [Neurology.org/ng](10.1212/NXG.0000000000000075)). The top 20 DE genes from PD and PD-D vs CON were compared with gene networks for GO analysis. Functions (table e-2) associated with the top 20 overexpressed PD genes included cell chemotaxis, cytokine receptor binding, cAMP-mediated signaling, and ion homeostasis, whereas overexpressed PD-D genes were involved in unfolded or incorrectly folded protein responses. Underexpressed PD and PD-D genes shared a common involvement in hormone signaling.

###### 

Top 20 differentially expressed genes by disease group

![](NG2015001487TT1)

Comparison of PD with CON revealed changes in immune function and neuropeptide hormone function, including upregulation of chemokine (C-X-C motif) ligand 10 (*CXCL10*) and downregulation of proenkephalin (*PENK*). In the comparison of PD-D with CON, genes involved in the unfolded protein response were significantly upregulated, reflected by increased expression of dnaJ (Hsp40) homolog (*DNAJB1*) and several heat shock protein genes, and an overall downregulation of hormone activity and ion transport, indicated by decreased expression of corticotropin-releasing hormone (*CRH*), *PENK*, somatostatin (*SST*), chemokine (C-C motif) ligand 3, and chemokine (C-C motif) ligand 4.

Predominant pathways shared by both PD and PD-D included upregulated inflammatory responses, with increased expression of granulocyte colony-stimulating factor (*CSF3*), selectin-E (*SELE*), and additional cytokines. Shared downregulated genes for signaling and cytoskeletal structure included decreased expression of *PENK* and keratin 5 (*KRT5*); Vgf nerve growth factor (*VGF*) was also downregulated across disease states.

Alternative splicing. {#s2-2}
---------------------

SpliceSeq identified significant disease-associated differences in transcript variants. SpliceSeq-predicted events were initially filtered for significance (*p* \< 0.01) and dPSI \> \|0.2\|, where dPSI is the change in exon expression of disease (PD or PD-D) vs CON. Additional filtering parameters considered the occurrence of the splicing event across all transcripts in the group (magnitude) and the number of samples within the group experiencing the event (percent observed) -- both set to \> \|0.8\| (1.0 = 100%). Finally, genes with the highest RPKM within the filtered lists (15--100 RPKM) were preferentially picked for validation (table e-3).

Five genes (total = 40) from the PD-D/CON comparison (*ATXN2*, *DST*, *HSPH1*, *RELA*, and *SRRM1*) and 2 genes (total = 10) from the PD/CON comparison (leucine-rich repeat flightless-interacting protein 1 \[*LRRFIP1*\] and tripartite motif 9 \[*TRIM9*\]) were chosen for qRT-PCR validation of the specific AS events ([figure 1](#F1){ref-type="fig"}). Heat shock protein 105 kDa (*HSPH1*), rel-like domain-containing (*RELA*), *LRRFIP1*, and *TRIM9* may be grouped by processes of cellular maintenance or stress response (proliferation, apoptosis, etc.), and immune responses. *RELA*, *LRRFIP1*, and *TRIM9* also code for transcription factors. Ataxin-2 (*ATXN2*) and serine/arginine repetitive matrix 1 (*SRRM1*) perform RNA-processing functions. Dystonin (*DST*) is a cytoskeletal linking protein.

![SpliceSeq "splice graphs" for the 7 qRT-PCR tested genes\
RNA-seq transcript reads are aligned to composite gene graphs built from all possible isoforms existing in the Ensembl genome database. The graphs in this figure are partial splice graphs showing alternatively spliced regions. Values on graphs are splice observations per kilobase of transcript length per million aligned reads. Exon highlighting (determined by a log^2^ exon expression ratio) indicates up- or downregulated exon expression or splicing as follows: green exons and splice arcs represent increased activity in the CON group and red exons and splice arcs represent either the PD or PD-D disease group. Gene splice graphs shown are specific for PD-D vs CON (*ATXN2*, *DST*, *HSPH1*, *RELA*, and *SRRM1*) or PD vs CON (*LRRFIP1* and *TRIM9*). CON = control; PD = Parkinson disease; PD-D = PD with dementia; qRT = quantitative real-time.](NG2015001487FF1){#F1}

We performed qRT-PCR on exons predicted by SpliceSeq to experience an event, either exclusion from, or inclusion in the final transcript ([table 2](#T2){ref-type="table"} for exon sites and primer sequences). SpliceSeq-predicted exon-level expression changes ([figure 2](#F2){ref-type="fig"}) were validated by comparison with qRT-PCR fc (2^−ΔΔCt^). Significant fc values \<1 for primers covering exon skip regions and \>1 for the exon inclusion event were considered validated.

###### 

Splicing events and qRT-PCR primer sequences
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![dPSI values for SpliceSeq-predicted alternatively spliced exons within the labeled genes\
Exon dPSI represents the difference in percent spliced in, disease vs CON (see [table 2](#T2){ref-type="table"} for exon details). CON = control; dPSI = delta percent spliced in; PD = Parkinson disease; PD-D = PD with dementia.](NG2015001487FF2){#F2}

In PD-D, skips were predicted by SpliceSeq at *ATXN2* exon 21, DST exon 104, *HSPH1* exon 13, and *SRRM1* exon 16, which disrupts a region reported as necessary for speckles and matrix localization. Exon 10.2 of *RELA* was predicted to be spliced in. This is a 687-bp inclusion containing a premature stop site that would result in a 377-amino acid truncated isoform and consequently eliminate an activation domain.

In PD, skips were predicted in *LRRFIP1* exons 18--19 within a coiled-coil structural region and *TRIM9* exons 8--10 within a fibronectin type III and B30.2/SPRY domain.

Quantitative real-time PCR. {#s2-3}
---------------------------

The fc of the predicted alternative splice sites were compared with fc of adjacent sites lacking any predicted splicing activity, referred to as "no-splice" (table e-4). Six of the 7 genes were predicted to have exon skips and 1 was predicted to have an exon inclusion (*RELA*).

At splice-predicted sites of *ATXN2*, *HSPH1*, and *SRRM1*, fc were \<1 relative to CON, in addition to having reduced expression compared with sites without predicted splice events. This is consistent with exon exclusion events in these transcripts. *RELA*, at the predicted inclusion site, was greater than 1 and overexpressed relative to the no-splice site. This indicates specific inclusion of exon 10.2. A change in *DST* was indiscernible from CON and its no-splice site.

*LRRFIP1* and *TRIM9* fc values (\<1) likewise indicate reduced exon expression of the predicted exon for each gene. [Figure 3](#F3){ref-type="fig"} summarizes these results by comparing the fc of alternatively spliced transcripts to the main transcript isoforms (no-splice) as expression ratios, represented by percent exon inclusion of the alternative splice site. Exon skips are less than 100%, whereas the inclusion is greater than 100%. Results demonstrate that the vast majority of predicted AS events selected for validation were confirmed by secondary qRT-PCR measures.

![qRT-PCR fold change comparison, disease vs CON, of splice vs no-splice primer sites\
Exon regions with expected alternative splicing activity are compared with flanking exon regions without predicted alternative splicing, "no-splice." The dotted line indicates 100% inclusion (of a queried exon). CON = control; PD = Parkinson disease; PD-D = PD with dementia; qRT = quantitative real-time.](NG2015001487FF3){#F3}

DISCUSSION {#s3}
==========

We present an mRNA-seq reference data set to further characterize the cortical molecular etiology of PD and PD-D. In addition to significant gene-level differential mRNA expression, RNA-seq clearly reveals the underlying differential alternative splicing in the posterior cingulate cortex during the course of PD and PD-D. Alternative splicing of *ATXN2*, *HSPH1*, *SRRM1*, *RELA*, *LRRFIP1*, and *TRIM9* suggests dysregulation of genes within immune and inflammation responses and transcription and RNA processing. Compared with this alternative splicing profile, genes among those that were the most significantly differentially expressed (*CSF3*, *SELE*, *PENK*, *VGF*, *KRT5*, *CRH*, and *SST*) illustrate the breadth of PD gene dysregulation, beyond one level of expression analysis. In the overall expression changes, immune activity is prominent, but there is also evidence of disrupted neuronal signaling pathways. Immune responses and inflammation are consistently implicated in the course of many neurodegenerative disorders, including PD and PD-D, where microglia are commonly activated and inflammatory cytokines are overexpressed.^[@R10][@R11][@R12]^

*CSF3* and *SELE* were overexpressed in both PD and PD-D relative to CON. Upregulation of both *CSF3* (or *G-CSF*) and *SELE* in patients with PD, before considerable pathology in the posterior cingulate cortex, is consistent with an early role of immune induction in the progression of PD.

CSF3 is a major cytokine regulator of neutrophils and promotes their increased production in bone marrow.^[@R13],[@R14]^ It can induce neuronal differentiation from adult progenitor cells and also protect neurons from apoptosis at the same time.^[@R15]^ SELE is a cell adhesion molecule (CAM) that aids leukocytes in attaching to the endothelium; monocyte CAMs are activated in neurodegeneration.^[@R16]^ Elevation of serum SELE has been detected in Guillain-Barré syndrome and MS, but when investigated in patients with Alzheimer disease, levels did not differ.^[@R17]^ We are not aware of other instances of induction in the cortex of patients with PD.

*PENK*, *VGF*, and *KRT5* were underexpressed in both PD and PD-D relative to CON, which suggests potential deficits in neurotransmitter signaling and altered cytoskeletal function.

*PENK* is a precursor protein of signal peptides that function as neurotransmitters, autocrine and paracrine factors, and hormones.^[@R18]^ Consistent with our expression results, evidence of significant downregulation was reported, relative to young CON (mean age 31), in both aging CON (mean age 77) and in patients with PD.^[@R19]^ *PENK* is also linked to bipolar disorder.^[@R20]^ VGF is a neurosecretory protein most often expressed in neuroendocrine cells and neurons.^[@R21]^ VGF expression in parietal cortex is reportedly reduced in PD,^[@R22]^ and there is support for VGF as a biomarker of neurodegenerative and other diseases for its differential CF expression and cell type--specific profiles within neuroendocrine organs.^[@R21]^ *KRT5* encodes a major keratin of the basal cell layer as part of the intermediate filament cytoskeleton in basal keratinocytes.^[@R23],[@R24]^

*CRH* and *SST* were uniquely underexpressed in PD-D. Downregulation of certain hormone proteins suggests a potential hormone imbalance associated with dementia onset. *CRH*, *SST*, and *PENK* are underexpressed, all of which are indicated by GO to be involved with an altered hormone-signaling state.

The genes that emerged from alternative splicing analyses did not exhibit a high degree of differential expression when assessed at the gene level. However, within the AS group, there are a variety of overlapping functions or instances of close networking.

Tripartite motif (TRIM) proteins belong to a subgroup of RING finger proteins, a structural feature that functions as a ubiquitin ligase (E3) to conjugate ubiquitin to target proteins.^[@R25],[@R26]^ TRIM9 is thought to be a targeting signal for proteasomal degradation, may be involved in neuron development and synaptic vesicle exocytosis, and is a negative regulator of transcription factor nuclear factor κB (NF-κB) activation.^[@R25][@R26][@R27]^ It has been found in Lewy bodies of both dementia with Lewy bodies (DLB) and PD; expression is decreased in DLB and rabies virus--infected brains, another case in which degeneration occurs.^[@R25]^ Skipping of exons 8--10 approaching the C terminus (protein position 550--636), shown in our data, affects a fibronectin type III and B30.2/SPRY domain. This domain is associated with microtubule binding among the RBCC (N-terminal RING finger/B-box/coiled coil) protein family, to which TRIM9 and many other TRIM proteins belong. Mutations in the C-terminal B30.2-like domain of another RBCC protein, MID1, disrupt localization and ubiquitin targeting.^[@R27]^

The p65 protein is encoded by *RELA* and is a subunit of the NF-κB transcription factor complex. They are part of a family of proteins involved in immune and inflammatory responses, apoptosis, and cell proliferation and differentiation.^[@R28]^ NF-κB nuclear localization, from the cytosol, is inhibited by IκB association with the p50-p65 heterodimer, which is liberated upon phosphorylation of IκB.^[@R29]^ Of the splicing activity predicted and validated here, the exon inclusion (exon 10.2, protein position 347--381) within *RELA* causes a protein truncation and the deletion of an activation domain, which would be predicted to cause overproduction of a truncated, inactive form of the protein.

*HSPH1*, a 105-kDa heat shock protein (HSP105), directs caspase-3--mediated apoptosis after ER stress and interacts with α-tubulin to suppress disorganization during heat shock.^[@R30],[@R31]^ HSP105β is a truncated isoform (92 kDa) induced specifically at 42°C.^[@R32]^ Our data show a skip (exon 13, protein position 529--572), elevated in PD-D compared with CON, consistent with this β-isoform. Normal physiologic temperature ranges from peripheral 33°C to fever-induced 39°C and does not reach the extreme temperature (42°C) associated with a heat shock response.^[@R33]^ If the high-heat--responding β-isoform is overproduced instead of the constitutively active form, signaling for apoptosis could be dampened as a result of reduced functional activity within the normal physiologic temperature range.

SRRM1 (SR-related matrix protein of 160 kDa), is a pre-mRNA splicing coactivator that associates with the nuclear matrix along with its binding partner SRm300, aiding in recruitment of splicing factors to speckled regions and assembly of complexes.^[@R34]^ Disruption to a sequence portion that is necessary for speckle and matrix localization could hinder recruitment of pre-mRNA to these areas and therefore disrupt proper splicing and processing to mature mRNA. In the patients with PD-D, exon 16 (protein position 558--570), which is within the region encoding speckles and matrix localization specificity, is preferentially excluded in the mature mRNA.

ATXN2 is an RNA-binding protein involved in RNA processing and endocytosis, affecting membrane receptor presence. In vivo knockout of the mouse homolog, *SCA2*, leads to increased insulin production with a concurrent reduction in insulin receptors, resulting in obesity. Exclusion of exon 21 (protein position 1127--1145) was also previously identified by a broad sequencing and characterization study, although the effect of this particular event is unknown. Although a polyQ expansion within *ATXN2* is a notorious culprit of genetic malfunction, the exon 21 skip is far downstream (\>2 kbp) from the well-studied region in exon 1. Considering the aforementioned mouse study, alternatively spliced *ATXN2* might interfere with cellular responses by reducing receptor production or membrane incorporation. However, the specific functional effect of this alternative splicing event is unclear.

*LRRFIP1* is a promoter-binding transcriptional repressor that regulates *EGFR* and may also regulate the proinflammatory cytokine *TNF*.^[@R35]^ These functions suggest that it is tied to cell damage and injury response. Exon 18 and 19 (protein position 398--459) skipping was increased in our PD group. Together, they partially encode coiled-coil domains and a prefoldin superfamily domain, protein features that promote protein-protein interactions and molecular chaperoning, respectively.^[@R36],[@R37]^ Exon skipping in this region has the potential to decrease binding affinity with LRRFIP1 targets and to interrupt any chaperone activity this protein may provide.

Although alternative splicing is a normal mechanism of gene regulation, the pathways in which it is relatively increased suggest altered responses in the disease state. A number of scenarios are possible. An aberrantly spliced transcript may drive a pathway to become overactive, contributing to disease onset or progression. Another possibility is that cells in distress during the progression of PD and PD-D may experience altered splicing as a consequence of widespread dysfunction. Distinguishing between these possibilities is an important goal of future work.

Supplementary Material
======================

###### Data Supplement

Supplemental data at [Neurology.org/ng](10.1212/NXG.0000000000000075)
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